We have measured the differential conductance of a parallel carbon nanotube (CNT) double quantum dot (DQD) with strong inter-dot capacitance and inter-dot tunnel coupling. Nominally, the device consists of a single CNT with two contacts. However, we identify two sets of Coulomb blockade (CB) diamonds that do not block transport individually, which suggest that two quantum dots (QDs) are contacted in parallel. We find strong and periodic anti-crossings in the gate and bias dependence, which are only possible if the QDs have similar characteristics. We discuss qualitatively the level spectrum and the involved transport processes in this device and extract the DQD coupling parameters. These results lead us to believe that clean and undoped QDs are formed parallel to the CNT axis, possibly on the outer and inner shells of a multi-wall CNT, or in a double-stranded CNT bundle.
INTRODUCTION
Recently, carbon nanotubes (CNTs) have been used as central elements in a variety of novel electronic devices, owing to their unique electrical and mechanical properties and compatibility with various material types and experimental setups [1] [2] [3] [4] [5] [6] . There are many different types of CNTs [1] , for example, metallic or semiconducting CNTs. Single-wall CNTs (SWCNTs) are a single sheet of rolled up graphene, while multi-wall CNTs (MWCNTs) consist of several coaxial CNTs of different diameters [7, 8] . In contrast, CNT bundles are a set of separate non-coaxial CNTs in parallel. Long metallic SWCNTs are promising systems, for example, to study onedimensional Luttinger liquids [9] , or novel quasi-particles with non-Abelian statistics [10] . SWCNTs of finite length are very reliable in showing size quantization of the energy levels, shell filling effects and Coulomb blockade (CB) in quantum dots (QDs). In comparison to QDs in SWCNTs, MWCNT QDs typically exhibit more complex electronic properties due to more available orbital states, which increase not only the number of conducting channels but also the possibility of intershell interactions [11] . Double QDs (DQDs) are versatile structures that exhibit many physically relevant phenomena [12] . DQDs in series between a source and a drain contact have been investigated regularly [13, 14] , also in CNTs [15] [16] [17] , for example, to investigate spin-blockade [18] [19] [20] and quantum bits [21] . In parallel DQDs, CB suppresses the electronic transport only if both dots are in blockade. This allows in principle for a more detailed characterization of the individual QDs and the effects of the coupling between the QDs by first order transport processes. However, parallel DQDs are investigated less frequently [22] and are more difficult to obtain on CNTs than DQDs in series, because of the close proximity between two CNTs that is required to obtain an appreciable tunnel coupling. Parallel DQDs can in principle form in MWCNTs, where separate QDs might form on different shells, or in nonoverlapping parallel CNTs in a bundle, as depicted in Fig. 1(a) and Fig. 1(b) , respectively. However, if the tunnel coupling is very strong, we expect that the QD states are strongly hybridized and result in the increased degeneracies and shell filling effects typical for MWCNTs [23, 24] . In contrast, for very small couplings between the concentric CNTs two individual QD characteristics are expected. For intermediate couplings one might expect a hybridization that retains most of the characteristics of the individual QD states, while a pronounced anti-crossing occurs when two charge states become degenerate. Recently, anti-crossings have been observed in a CNT bundle [25] , where two or more QDs of very different characteristics have formed. It is difficult in CNT DQDs to gate the QDs individually, so that the DQD characteristics have to be observed in the conductance measured as a function of the bias and a global backgate (BG).
Here, we report differential conductance measurements on a CNT device with two contacts and a global BG at cryogenic temperatures, for which we find two interpenetrating sets of CB diamonds with excited states and strong anti-crossings between specific resonances. These findings are consistent with two strongly coupled parallel QDs in a MWCNT or a tight double-stranded CNT bundle.
DEVICE FABRICATION
CNTs on substrates often suffer from potential variations on the substrate or residues from the contact fabrication after the CNT growth [26, 27] and cannot be cleaned by current annealing. Here, we employ a stamping method in which CNTs are grown on a separate wafer [28, 29] and are later transferred mechanically to the device substrate. The key advantage of CNT stamping techniques is to separate the CNT growth from the fabrication of markers and bonding pads [30] We note that by depositing the hBN layer directly onto the stamped CNTs protects the CNTs from direct exposure to the resist or solvents, which would otherwise contaminate the active structure [31, 32] . Since the hBN layer thickness is small, we believe that the main effect is to reduce the adhesion of residues on the hBN, rather than to increase the distance between the CNTs and the scatterers on the surface.
The device fabrication starts with the manufacturing of the CNT stamps. A silicon (Si) substrate capped by a thermal oxide (SiO 2 ) layer is patterned into an array of square mesas using electron-beam lithography. Each mesa is 50 µm long and wide and 4 µm high, with a spacing of 50 µm between neighboring squares. After spin coating of Fe/Mo catalyst particles onto the mesas, we grow CNTs at 950
• C for 10 minutes in a CVD process with methane as carbon precursor gas. The target substrate is a piece of a heavily p-doped Si wafer with 300 nm thick SiO 2 on top, which acts as a global BG. This substrate is patterned with 5 nm/45 nm Ti/Au markers and bonding pads. We then transfer the CNTs from the mesa substrate onto the target substrate using a mask aligner, by which the mesa and the target substrates are roughly aligned using the markers and pressed together. About 6 − 10 CNTs are transferred to a 200 × 200 µm 2 area on average. We locate the CNTs using a scanning electron microscope (SEM) [32] . Immediately after this step a monolayer CVD hBN (from Graphene Supermarket) is transferred by a wet-etch process from its growth substrate to the target substrate [33] with the CNTs below. Thermal annealing at 200
• C for 2 hours removes the poly(methyl methacrylate) (PMMA) resist residues on top of the transferred hBN layer [34] . Suitable CNTs are then contacted by 10 nm/50 nm Cr/Pd source and drain contacts using electron-beam lithography.
An SEM image of the resulting device is shown in Fig. 1(c) , and a schematic cross section with details of the device geometry and the electrical measurement setup is shown in Fig. 1(d) . A 1.2 µm long CNT is contacted by 200 nm wide electrodes, separated by 400 nm. One contact (source) covers the end of the CNT, while the other (drain) does not. In this device a circular sidegate (SG) is fabricated in the same step for additional tunability. The sidegate voltage is kept constant for this work and will not be discussed further.
ELECTRICAL CHARACTERIZATION
At room temperature the device has a resistance of 5 MΩ for negative gate voltages (V BG ≈ −2 V). Lowtemperature transport properties are characterized in a 3 He refrigerator at a base temperature of ∼ 245 mK. We apply a dc and an ac bias, V SD + δV , to one contact (source) and measure the differential conductance G = δI/δV of the device using standard lock-in techniques with an ac voltage of δV = 40 µV at a frequency of 328 Hz, as illustrated in Fig. 1(d) .
Figure 2(a) shows a colorscale plot of G as a function of V BG and V SD . We find a periodic pattern of strongly distorted CB diamonds, suggesting the formation of QDs in the CNT. While the weak CB diamond boundaries with positive slopes are straight, the ones with negative slopes consist of a series of avoided crossings. These lines have a larger amplitude, especially at larger bias, can be rather wide and can even occur in pairs.
To characterize the QDs formed in the device, we focus on the region pointed out by the dashed rectangle, with the corresponding data replotted in Fig. 2(b) , while in Fig. 2(c) the positions of the resonances R1, R2 and R3 of Fig. 2(b) are plotted as solid red lines. First we identify individual CB diamonds and ignore the avoided crossings and other effects discussed below. For this we extrapolate the resonance position around zero bias, which results in the dashed black and blue diamonds. This two-QD pattern is shown exemplarily in Fig. 2(c) , but also describes roughly the extended data set of Fig. 2(a) . We therefore conclude that two QDs are formed in the system.
From these extrapolated CB diamonds we estimate the charging energies of the two individual QDs as E C1 ≈ 10.4 meV and E C2 ≈ 3.0 meV, which correspond to the total capacitances C tot1 ≈ 15 aF and C tot2 ≈ 53 aF, respectively. We label the QD with the larger charging energy as QD1 and the other as QD2. In the constant interaction model [35] the positive and negative slopes of an individual CB diamond are given by + CBG Ctot−CS and − CBG CS , with C tot = C BG + C S + C D . From these expressions we obtain the capacitances listed in Table I for the individual QDs. Here, we neglect the inter-dot capacitance, which might explain the small discrepancies in the sums from the measured C tot . We find very similar values for the capacitive coupling of the drain to both QDs, for the BG to both QDs, and for the source to QD1. However, C S of QD2 is about 8 times larger, possibly related to the fact that this is the contact that overlaps the end of the CNT. We note that both BG capacitances are virtually identical. In addition, we can use the full width at half maximum of the zero-bias resonances as upper limits for the tunnel coupling strengths, yielding Γ 1 ≤ 460 µeV and Γ 2 ≤ 305 µeV, respectively. Figure 2 (a) also shows excited state resonances, which run in parallel to the CB diamond boundaries. These lines are most pronounced for the resonances with negative slopes, which suggest fairly asymmetric tunnel barriers [35] . We extract the mean energy difference between these resonances as δE ≈ 0.9 meV. If we assume the confinement length L to be the 400 nm spacing between the source and drain electrodes, we expect a mean level spacing δE = hv F /2L ≈ 4 meV for an ideal and undoped metallic CNT, with h the Plank constant and v F = 8 × 10 5 m/s the Fermi velocity [36] . This expected value is a factor of four larger than the energy difference between the excited states in Fig. 2(a) , suggesting both QDs are considerably larger than the contact spacing. Though we might overestimate the level spacing in case of a semiconducting CNT because of the flat electronic band structure close to the band gap [37] , we speculate that by introducing a monolayer hBN tunnel barrier between the selected CNT and the metal contacts, it is possible that a larger QD forms on the significantly longer CNT, because the contacts are weakly coupled and do not necessarily result in electron confinement. As a result, the QD wave function can extend beyond the spacing between the source and drain contacts for weakly coupled tunnel contacts (hBN layer).
We now turn to the discussion of the avoided crossings shown for example in Fig. 2(b) , where the avoided crossing AC1 is highlighted by a yellow dashed ellipse. An avoided crossing is observed at the intersection points between the CB diamond boundaries of QD1 and QD2 with negative slopes. This can be understood easily by considering that at these points the chemical potentials ("resonances") of both QDs would both be aligned with the electrochemical potential of the drain (µ D = 0), which means that both QD potentials are identical and electrons (or holes) can be exchanged not only with the leads, but also between the QDs. This results in a hybridization of the QD wave functions and an avoided crossing in their spectrum. The increased resonance amplitudes can be understood qualitatively in the sequential tunneling picture by considering the case Γ 12 Γ j , where j stands for all the contacts. As illustrated in Fig. 3(a) the DQD then acts like a single QD with 4 leads. In addition to the paths through the individual QDs, electrons (or holes) can also tunnel into one QD and out of the other, which can result in more than the sum of the currents through the individual QDs. The total tunneling rate reads Γ = (Γ S1 + Γ S2 )(
The first two terms are essentially the individual QD transmissions, which are dominated by the last two terms for the situation of very asymmetric couplings shown in Fig. 3(a) . We would in principle expect a similar effect for the CB resonances with positive slopes (the dot potentials aligned with the source Fermi energy). However, since the two positive slopes are very similar, no such crossing is observed on this device. To characterize the avoided crossings, we replot the positions of the three resonance curves R1, R2 and R3 in Fig. 3(b) and focus on the avoided crossing AC1. We now draw the asymptotes to the resonances away from AC1. Two lines are the CB diamond edges found above, but the other two are offset in bias by ∆V 1 and ∆V 2 , respectively. These offsets are in analogy with the zerobias gate maps in more standard, separately gated DQDs in series [12] . The offsets are due to one QD capacitively sensing the charge state of the other, while the bending of the resonances, indicated as green shadings in Fig. 3(b) , stems from the inter-dot tunnel coupling.
We first extract the inter-dot capacitance C 12 from the resonance offsets: the addition of one electron to QD i results in a change of the electrical potential in QD j, ∆Φ j (and vice versa), due to the capacitive coupling. For C 12 C tot1 , C tot2 one finds ∆Φ j = e 2 Ctot1Ctot2 C 12 . This shift in the potential has to be compensated by a change ∆V (j) SD in the bias measured between the two asymptotes corresponding to QD j. For the drain resonance one obtains 0 = ∆Φ j + eα Sj ∆V SD with the source lever arm α Sj = CSj Ctotj . From this, one directly obtains:
Similarly, from the the resonance condition at the source contact, e∆V
SD , one then obtains
SD . Inserting the experimental values for the offsets ∆V (j) SD and the capacitances in Table I , we find consistently for both QD resonance lines at AC1 the inter-dot capacitance C 12 ≈ 5 aF. Interestingly, this value varies between 5 aF and 9 aF for four neighboring avoided crossings, which might be either due to other crossings nearby (here, for example AC2), or a deeper reason, possibly due to the QD quantum capacitance that might change with the charge and orbital states, and with the bias. The extracted value is comparable to the gate and contact capacitances, so that this value has to be taken as an approximation.
We estimate the inter-dot tunnel coupling strength by considering only the bias component of the bending, ∆V t , as illustrated in Fig. 3(b) . This results in a lower limit for the tunnel coupling, Γ 12 ≥ 500 µeV. We note that we find a rather large variation (∼ 20%) between the extracted values for different avoided crossings, which probably originates from errors in the asymptotic lines. We point out that this value is of similar strength as the total tunnel coupling to the leads.
One might expect that with the inter-dot coupling parameters one should be able to distinguish whether the DQD is formed on two shells of a MWCNT or on two separate CNTs in a bundle, see Fig. 1(a) and Fig. 1(b) , respectively. The expressions for the capacitances of two parallel or coaxial cylinders at a distance compatible with a large inter-dot tunnel coupling (few nanometers) both suggest unphysically small CNT diameters. The reason for this is that the source and drain contacts reduce the inter-dot capacitance due to screening, which can only be accounted for numerically [32] . However, two parallel CNTs in a bundle would naturally account for the identical gate capacitances of the two QDs.
CONCLUSIONS
We report low-temperature differential conductance measurements on parallel DQDs, formed on two shells of a MWCNT or on two individual CNTs of a bundle. We investigate avoided crossings that result from the tunnel and capacitive couplings between the electronic charge states of different QDs. Our results enrich the fundamental understanding of quantum transport through coupled QDs formed in a parallel configuration. We demonstrate that in the sense of the simplest DQD model (large level spacing and constant interaction), transport spectroscopy can be used as a sensitive tool to fully characterize the interactions between parallel-coupled QDs also in a two-terminal CNT device with only a single global gate.
